This paper presents a fast and accurate method to determine the available transfer capability. Ralston's method is used to predict the two trajectory points of voltage magnitude, power flow, and maximum generator rotor angle difference. Then, the cubic spline interpolation technique is used to accurately trace the P-V, P-S, or P-Δδ curves between two points of trajectory. The P-V, P-S and P-Δδ curves represent as the variations of voltage magnitude, power, flow and maximum generator rotor angle difference due to the increase of power transfer. The actual available transfer capability value is determined at the intersection point between the curve and the constraints limit. The effectiveness of the proposed method is verified by referring to the results of ATC for a case study of 2737-Polish system and 39-New England bus system. The proposed method gives satisfactorily accurate and fast computation of ATC as compared to recursive AC power flow method.
Introduction
Transferring an electric power from one place to another is an alternative way to provide effective electric power required by the demand. This may assist towards reduction in a system operational cost. Nowadays, the power trade activity which is involved in the wholesale power market requires accurate information of power transfer between areas. Such vital information can help power marketers, sellers, and buyers in planning, operation, and reserving transmission services 1 . There are two significant indices in the transfer capability assessment, namely, the total transfer capability TTC and the available transfer capability 2 Mathematical Problems in Engineering ATC . TTC represents as the maximum amount of power that can be transferred over the interconnected transmission network in a reliable manner while meeting all of a specific set of defined pre-and postcontingency system conditions 2 . On the other hand, ATC is a measure of the additional amount of power that flows across the interface, over and above the base case flows without jeopardizing power system security 3 .
The determination of ATC for a large and complex power system usually utilizes excessive amount of computational time. This instigates to a new development of a fast and accurate method in determining the ATC value. Various approaches have been proposed to determine ATC such as using the methods of DC power flow 1 , AC power flow 4 , optimal power flow 5 , sensitivity 6 , curve fitting-based cubic spline interpolation technique 7 , and artificial neural network 8 . The method based on linear DC power flow considering distribution factors is considered fast but less accurate for transfer capability analysis because the DC network model does not require the voltage magnitude and reactive power component in the power flow calculation. Therefore, the computation is based on the linear DC power flow resulting in an inaccurate ATC value, especially for the heavily stressed system that is caused by critical contingencies. The AC power flow method gives an accurate solution in determining the ATC because it considers the effects of reactive power flows and voltage limits. However, transfer capability evaluation using repetitive AC power flows is time consuming because it requires a load flow solution at every transfer step size. To avoid many repetitive AC power flow solutions, curve fitting technique such as cubic spline interpolation technique has been used 7 . There are various curve fitting techniques that are used for voltage stability analysis such as the least square fit of second-order polynomial 9 , cubic spline interpolation 10 and quadratic approximation 11 .
This paper proposes a new approach to determine fast and accurate value of ATC by using Ralston's method incorporating with cubic spline interpolation technique. The Ralston's method is categorized under the second-order Runge-Kutta method and this is similar to Heun's and midpoint methods. However, the Ralston's method is superior to Heun's and midpoint methods in terms of providing a minimum bound of truncation error in extrapolation 12 . The Ralston's method is used to determine the two trajectory points of voltage magnitude, power flow, or maximum generator rotor angle difference. Then, the cubic-spline interpolation technique is used to accurately trace the P-V, P-S, or P-Δδ curves between the two trajectory points of voltage magnitude V , power flow S , or maximum generator rotor angle difference Δδ , respectively. The P-V, P-S and P-Δδ curves represent as the variations of voltage magnitude, power flow, and maximum generator rotor angle difference due to the increase of power transfer, respectively. The ATC is then determined at a point when the voltage magnitude limit, power flow limit or generator rotor angle difference limit intersects the curve. In the ATC estimation, the transmission line and voltage magnitude limits are considered as the steady-state security constraints whereas the maximum generator angle difference limit is referred to as the transient stability constraint. The transfer capability of a system is analyzed under two different sets of transfer, which are the area-to-area ATC and point-to-point ATC. Area-to-area ATC is the additional amount of power transferred from the selling area to the buying area without jeopardizing the system security. On the other hand, point-to-point ATC is the additional amount of power transferred from the selling bus to the buying bus without violating the system security. The effectiveness of the proposed method in estimating fast and accurate computation of ATC is verified on the case studies of 2737-bus Polish system 13 and 39-New England bus system. The proposed method can be used in the probabilistic assessment of transfer capability. This is due to the fact that the proposed method is able to accurately determine the ATC in a less computational time for Mathematical Problems in Engineering 3 every system operating condition. The system operating conditions such as the transmission line failures are usually generated by the Monte Carlo simulation technique or parametric bootstrap technique. The ATCs are then used in the probabilistic based risk or uncertain assessment of transfer capability.
Problem Formulation
The first section describes the problem definition of ATC followed by the explanation of Ralston's method that is used to determine the two trajectory points of voltage magnitude, power flow, and maximum generator rotor angle difference. The last section provides a detailed explanation of cubic spline formulation that is used for tracing the P-V, P-S, and P-Δδ curves between the two trajectory points for accurate ATC determination.
ATC Problem Definition
ATC is defined as the TTC less than the transmission reliability margin TRM , less than the sum of existing transmission commitments ETCs , and capacity benefit margin CBM 2, 14, 15 . The TRM is the amount of transmission capability necessary to ensure that the interconnected system is secure under a reasonable range of uncertainties in system conditions. The CBM is the amount of transmission transfer capability reserved by load serving entities to ensure access to generation from interconnected systems to meet generation reliability requirements. The ETC is the normal transmission flows included in the given case. The methods to determine the TRM, CBM, and ETC margins may vary among regions, power pools, individual system, and load-serving entities.
ATC must satisfy certain principles balancing both technical and commercial issues, so that the interconnected transmission network is performed based on the commercial requirements associated with transmission service requests. The following principles identify the requirements for the calculation and application of ATC.
a Electricity demand and supply cannot be treated independently of one another. All system conditions must be considered to accurately access the capabilities of the transmission network.
b Electric power flows resulting from each power transfer use the entire network and are not governed by the commercial terms of the transfer.
c ATC calculations must use a regional or wide-area approach to capture the interactions of electric power flows among individual, regional, subregional, and multiregional systems.
d The determination of ATC must accommodate reasonable uncertainties in system conditions and provide operating flexibility to ensure a secure operation of the interconnected network.
In the determination of ATC, the transmission lines flow and voltage magnitudes limits have to be taken into account in the calculation. All these limits can be handled by the AC load flow power system model. Limits due to transient or oscillations are not often addressed in the ATC determination because these limits are crudely approximated by flow limits 16 . However, the large disturbance such as system faults, loss of generator, or equipment outages could lead to undesirable behavior that affects the stability of a system.
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The undesirable behavior is associated with the transient stability which could lead to great losses and costly to the utilities. Therefore, it is necessary to consider the transient stability constraints within the ATC calculation.
Formulation of Ralston's Method
A generic ATC computation is performed by solving recursive AC power flow calculations due to the increased amount of power transfers between areas or buses. The ATC is then determined by referring to the increase amount of power transfer caused to the violation of a system constraint such as the voltage magnitude limit, transmission line limit or generator rotor angle difference limit. In the ATC computation using the recursive AC power flow solution, the variations of voltage magnitude V , MVA power flow S , and maximum generator rotor angle difference Δδ due to the increase of MW power transfers P can be described in terms of P-V, P-S, and P-Δδ curves, respectively. By considering the P-V, P-S and P-Δδ curves as the quadratic polynomial form, Ralston's method can be used to approximate the two trajectory points of voltage magnitude, power flow, and maximum generator rotor angle difference. Then, the cubic-spline interpolation technique is used to accurately trace the P-V, P-S, or P-Δδ curves between the two specific points of trajectory. The proposed methodology is able to provide accurate value of ATC by taking into account the steady-state and transient stability constraints.
The Ralston's method is used to approximate the two trajectory points of voltage magnitude, power flow, and maximum generator rotor angle difference 12 , and it is derived from a basic extrapolation equation that is given by 2.1 y n 1 y n φh. 
2.2b
The a 1 , a 2 , p, and q are the unknown constants used to satisfy the three conditions
2.2c
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Note that x is equivalent to the power transfer, P . It is worth mentioning that the Ralston's method given in 2.3 is used to extrapolate the second-order polynomial curvature. The second-order polynomial is represented by y α βP γP 2 .
2.5
The first order of 2.5 yields 2.6a and it is representing as s 1 , dy dx β 2γP n .
2.6a
Thus, s 1 in 2.4a is given by
By applying 2.6a into 2.4b ,
The value of constants β and γ can be determined by using the least square method 12 . The step size, h, of power transfer is determined as below,
where n is the number of incremental steps for power transfer. In this case study, n, is specified as 4 in which it is reasonable enough to provide accurate approximation of the two trajectory points. P 1 is the initial power transfer that is 1 MW. P look is the look-ahead power transfer which may cause the violation of voltage, transmission line, or generator rotor angle difference limits. The methodology of look-ahead power transfer is explained elaborately in Section 3.
Mathematical Problems in Engineering
The next power transfer, P n 1 , for each nth incremental step is determined by using.
P n 1 P n h.
2.7a
The values obtained from 2.6b , 2.6c , 2.6d , and 2.7a are used in 2.3 so that the Ralston's method could perform the extrapolation in order to obtain the two points of trajectory. The value of y that is obtained from 2.3 represents as the voltage magnitude, power flow, or maximum generator rotor angle difference. The P n is increased at each nth incremental step by using 2.7a until the Ralston's method in 2.3 gives y value that violates the system constraint. The last two values of y represent as the two trajectory points of voltage magnitude, power flow, or maximum generator rotor angle difference. It is then used in the cubic-spline interpolation technique to accurately trace the P-V, P-S or P-Δδ curves. It is obvious that the step size, h, of power transfer given in 2.6d is highly dependent on the number of incremental steps, n. A reasonable number of incremental steps, n, need to be specified so that the Ralston's method in 2.3 could perform the extrapolation with a minimum computational time. The number of incremental steps, n, is specified under two categories. First, a large number of incremental steps, n, may cause a lengthy computational time in the extrapolation process due to a small step size, h. Second, a small number of incremental steps, n, yield a fast computational time in the extrapolation process due to a large step size, h. In this case study, four incremental steps n are used, and it is reasonable enough for the Ralston's method to provide fast and accurate approximation of the two trajectory points. Furthermore, the cubic-spline interpolation technique is used to accurately trace the curve between the two trajectory points with a large value of step size, h, and this will be discussed in the next subsection.
Cubic-Spline Interpolation Technique
The methodology of cubic-spline interpolation technique is basically based on determining the four known points and then fitting appropriate curves to the four points. In the cubicspline technique 7 , tracing the curves f k 1 , f k 2 , and f k 3 begins with finding the value for parameters f x 2 , f x 3 , and f x 4 which are given as
2.8
The values for parameters f x 2 , f x 3 , and f x 4 are used in the cubic-spline equations in order to obtain the curve functions of f k 1 , f k 2 , and f k 3 , which are given as,
2.11
In the P-V curve fitting, the parametersf x 2 , f x 3 , and f x 4 can be described as V P 2 , V P 3 , and V P 4 , respectively. On the other hand, the parametersf x 2 , f x 3 , and f x 4 can also be described as S P 2 , S P 3 , and S P 4 , respectively for the case of P-S curve fitting. For the case of P-Δδ curve fitting, the parametersf x 2 , f x 3 , and f x 4 can be described as Δδ P 2 , Δδ P 3 , and Δδ P 4 , respectively. f k l is the cubic-spline function that is used for tracing the curves of voltage magnitude, V k l , MVA power flow, S k l , and maximum generator rotor angle difference, Δδ k l . k l is the increase of power transfer by 1 MW between x l and x l 1 . l is the number of three incremental steps, that is, 1, 2, and 3. Specifically, f k l is used for tracing the curves between the four points of f x n with respect to the increase of k l by 1 MW from x l to x l 1 . Whereby, f x n represents as the four points of voltage magnitude, V P n , MVA power flow, S P n , or maximum generator rotor angle difference, Δδ P n , which are obtained from the AC power flow solutions. The four points of real power transfer, x n , can also be described as P n , where n 1, 2, 3, and 4. For an example, the curve from point f x 1 to point f x 2 is traced by using f k 1 with the increase of k 1 by 1 MW from x 1 1 MW to x 2 300 MW.
8
Mathematical Problems in Engineering Figure 1 : Illustration of cubic-spline technique used in tracing the P-V curve.
Determination of P-V, P-S, and P-Δδ Curves Using Cubic-Spline Interpolation Technique
Generally, there are two main procedures involved in the P-V curve fitting using the cubicspline interpolation technique. First, the voltage at each point of real power transfer, V P n , is obtained by solving the AC power flow solution. Second, the cubic-spline interpolation technique is used for tracing the voltage curves, V k l , based on the four voltage points, V P n , which are obtained from the previous four AC power flow solutions and this is shown in Figure 1 . Particularly, the curve from point V P 1 to point V P 2 is traced by using V k 1 with the increase of k 1 by 1 MW from P 1 to P 2 . Then, the next curve from point V P 2 to point V P 3 is traced by using V k 2 with the increase of k 2 by 1 MW from P 2 to P 3 . Finally, the last curve from point V P 3 to point V P 4 is traced by using V k 3 with the increase of k 3 by 1 MW from P 3 to P 4 . Similarly, the cubic-spline interpolation technique is used in tracing the P-S curves representing as the MVA power flow variations with respect to the increase of power transfer. The procedures that are used in tracing the curves S k 1 , S k 2 and S k 3 between the four points of MVA power flow S P n are similar to those described for tracing the voltage curves, except that the voltage variables in 2.8 to 2.11 are replaced by the MVA power flow variables. This is similar to a case whereby the cubic-spline interpolation technique is used for tracing the P-Δδ curves.
Transient Stability Constraint
In this study, the transient stability is obtained by analyzing the "first swing" of each generator. Transient stability is referred to as the generator rotor angle that is returning to its synchronism state after the fault is cleared. A classical model of a synchronous generator is used in this case of study, and the details can be accessed in 17 . The transient stability, based rotor angle is measured by referring to the difference between relative rotor angle,
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with respect to the center of inertia COI 18-20 . The transient stability limit should be less or equal to 180
• , and it is given by
where δ g is rotor angle of gth generator. Δδ g is rotor angle difference of gth generator. M g is generator inertia constant in seconds for g-th generator.
The maximum rotor angle difference for unstable condition is taken at the end of time simulation. This is due to the fact that the relative rotor angle is monotonically increasing if the generator losing its synchronism. On the other hand, for a stable condition, the maximum relative rotor angle is taken within the simulation time interval. This is because the increased relative rotor angle is returning back to its synchronism state after the fault is cleared.
Procedure of ATC Evaluation Using Ralston's Method Incorporating Cubic-Spline Interpolation Technique
Generally, the main steps involved in the transfer capability computation are the definition of a base case, determination of network response, and finding the maximum transfer or ATC. Determination of the area-to-area and point-to-point ATCs using the Ralston's method incorporating cubic-spline interpolation technique is described as follows.
a Establish a solved base case AC power flow solution.
b Specify the area or point of transfers. For the point-to-point transfer, a generator is considered as a selling bus and a load is a buying bus. However, the area-to-area transfer considers participation of all generators in the specified selling area and all loads in the specified buying area.
c Simultaneously, increase the power generation P Gn and load P Dn at the selected buses or areas at three incremental steps in order to obtain the variations of voltage V i,n , the power flow S ij,n and maximum generator rotor angle difference Δδ g,n .
Where, i is the bus number, ij is the transmission line connected between bus i and bus j, and g is the number of generator. The AC power flow solution should be performed for each incremental step of P Gn and P Dn . The amount of power generation, P Gn is equivalent to the amount of power transfer, P n . Then, the sensitivity method is used to identify the sensitive bus, transmission line or generator that has the highest potential to be violated due to the increase amount of power transfer 21 . Equations 3.1 , 3.2 , 3.3 and 3.4 are the sensitivity methods that are used to approximate the amount of power transfer, P, corresponding to each bus, transmission line and generator. Then, the sensitive line, bus or generator is selected based on the minimum amount of power transfer:
where P i,V lower , P i,V upper , P ij,S and P g,Δδ are the linear estimation of power transfer based on the violations of lower voltage limit, upper voltage limit, thermal limit, and generator rotor angle difference limit, respectively. V lower and V upper are the lower and upper voltage limits which are 0.9 p.u. and 1.1 p.u., respectively. S limit ij is the transmission line limit. Δδ limit is the generator rotor angle difference limit which is 180
• . P n is the power transfer for every nth incremental step. n is incremental steps. V i,n , S ij,n and Δδ g,n are the voltage magnitude at each bus, i, power flow at each transmission line, ij, and maximum rotor angle difference at each generator bus, g, respectively.
The sensitive bus, i, transmission line, ij, or generator, g, is selected based on the minimum value of power transfer amongst P i,V lower , P i,V upper , P ij,S , or P g,Δδ . P end represents as the minimum value of power transfer given by.
3.5
d Determine the look-ahead power transfer based on the sensitive bus, transmission line or generator. The methodology that is used to determine the look-ahead power transfer is initially derived from the formulation of second-order polynomial that is given in 22 . Further derivation of the first-order quadratic formulation in 2.6a yields to,
Equation 3.7 is obtained by substituting 3.6 into 2.5 ,
By expanding 3.7 , In this case, y is the system parameter constraint such as the transmission line rating, lower limit of voltage magnitude that is 0.9 p.u., upper limit of voltage magnitude which is specified at 1.1 p.u., or generator rotor angle difference limit specified as 180
• .
The look-ahead power transfer, P look , is determined by using 3.12 which is derived from 2.6a . In 3.12 , the dy/dx is determined by using 3.11
It is obvious that the look-ahead power transfer formulation in 3.12 is similar to 3.6 . The y o and dy/dx which are obtained by using 3.10 and 3.11 , respectively, are used in 3.12 to determine the P look . The values of α, β and γ are calculated by using the least square method 12 that utilizes the V n , S n or Δδ n at three incremental steps of power transfer, P n . The values of V n , S n or Δδ n are determined by referring to the sensitive bus, transmission line or generator obtained from procedure c . This shows that the P look is determined by referring to the sensitive bus, transmission line or generator.
e Use the Ralston's method in 2.3 to determine the two trajectory points of voltage magnitude, power flow or maximum generator rotor angle difference. This refers to the sensitive bus, transmission line or generator obtained from procedure c . Initially, the AC power flow solution is performed at three incremental steps of P n with P 3 P look . This is performed to obtain the variation of V n , S n or Δδ n at the sensitive bus, transmission line or generator. Then, the V n , S n or Δδ n , and P n are used in the least square method 12 to determine the new values of α, β, and γ. The P look is specified as the last power transfer of P n so that α, β, and γ are determined at stable system condition. Hence, accurate estimation of two trajectory points could be obtained by using the Ralston's method that takes into account the α, β and γ. Specifically, the α, β, γ and P look are used in 2.6b , 2.6c , 2.6d and 2.7a so that the Ralston's method in 2.3 is able to determine the two trajectory points of voltage magnitude, power flow or maximum generator rotor angle difference. The P look is not an optimum value of ATC. Therefore, the Ralston's method is used to extrapolate at the two trajectory points for optimum or accurate determination of ATC.
f Use the cubic-spline to trace the P-V, P-S or P-Δδ curve between the two points of trajectory. The P-V, P-S or P-Δδ curve is determined based on the sensitive bus, transmission line or generator.
(ii) record the V n , S n , ∆δ n , and P n at each incremental step and this is based on sensitive bus, transmission lines, or generator.
(d) For the sensitive bus, transmission line, and generator, apply the V n , S n , ∆δ n , and P n into the least square method to determine α, β , and γ that are used in (3.12) to approximate the P look .
(e) Perform the AC power flow solution based on three incremental steps of P n with P 3 = P look : (i) record the V n , S n , ∆δ n , and P n which are based on sensitive bus, transmission line or, generator.
(ii) apply the V n , S n , ∆δ n , and P n into the least square method to determine the new values of α, β and γ.
(iii) The α, β, and γ and P look are used in Ralston's method to bus, transmission line, or generator.
(f) For sensitive bus, transmission line, or generator, use the cubic spline interpolation technique to fit the P -V , P -S, and P -∆δ curve between the two points of trajectory.
(i) record the sensitive bus, transmission line, and generator that are determined by using (3.1), (3.2), (3.3), and (3.4). g Determine area-to-area or point-to-point ATCs which are the maximum power transfer obtained when the voltage limit, the MVA line rating, or generator rotor angle difference limit intersects the P-V, P-S or P-Δδ curve at two trajectory points, respectively.
The above procedures are summarized in terms of flowchart shown in Figure 2 . The Ralston's method incorporating with cubic-spline interpolation technique gives a faster ATC computation which implies less AC power flow solutions as compared to the ATC computation method using the recursive AC Newton Raphson power flow solutions 4, 23 .
Results and Discussion
The performance of the Ralston's method incorporating with cubic-spline interpolation technique that used in the determination of ATC is verified in terms of accuracy and computation speed. CPU timing for the transfer capability analysis was obtained using 2.4 GHz, Intel Core 2 Duo with 1 GB of memory. The 2737-bus Polish power system is used as a test case to illustrate the determination of ATC using the proposed technique. The system is comprising of 6 areas namely, area 1, area 2, area 3, area 4, area 5, and area 6. The 2737-bus system is modelled with 193 generation units, 2544 load units and 3506 lines. In this study, the upper and lower voltage limits are assumed to be 1.1 p.u. and 0.9 p.u., respectively. The thermal limit is also used as a system constraint in the ATC computation. However, the generator rotor angle difference limit of 180
• is not considered in the ATC computation for the 2737-bus Polish power system. This is due to the fact that detailed information of generating unit is not available in order to compute ATC by considering the generator rotor angle difference limit.
Nevertheless, the generator rotor angle difference limit as well as the transmission line limit and voltage magnitude limit is considered as the constraints of ATC computation for a case study of 39-New England bus system. The system is consisting of 10 generation units, 29 load units and 46 transmission lines 24 . The system data is given in Tables 7, 8 , and 9. The transmission line limit information is taken from 25 . The system is comprised into three areas namely area 1, area 2 and area 3 as illustrated in Figure 3. 
Faulted Bus and Tripping Line Selection
The transient stability analysis is performed to ensure that the system is operating in a secure manner without violating the generator rotor angle limit during the occurrence of fault. In this case study of transfer capability assessment, it is assumed that a three-phase fault is occurring at a particular transmission line. The faulted bus is referring to as the nearest bus which is connected to a faulty line 17 . Therefore, the faulty line should be tripped in order to clear the fault so that a stable generator rotor angle could be obtained during power transfer.
Fault Critical Clearing Time and Final Simulation Time Selection
In a transient stability analysis, the faulty line should be tripped at a certain fault critical clearing time and this criterion does affect the stability of generator rotor angle. Therefore, a set of relays and protecting circuits should operate within the fault critical clearing time so that the fault is cleared without causing any loss of synchronism for the generators 26, 27 . However, the determination of fault critical clearing time is not considered in this case study of transfer capability assessment. Nevertheless, the fault critical clearing time is set at a typical maximum allowable time so that the generator rotor angle is stable during the occurrence of fault. In 28 , an analysis to estimate the fault critical clearing time has been conducted on the 39-New England bus system. In conjunction to this system, the estimated fault critical clearing time for the 10 machines is best to be within the range of 0.13 to 0.24 second. Therefore, in this case study, the fault critical clearing time of 0.15 second is chosen to clear the fault. It is selected based on the fact that the fault is expected to be cleared before reaching the end of fault critical clearing time. Thus, the fault critical clearing time of 0.15 second is viable enough to ensure the stability of generator rotor angle. The rotor angles with respect to the COI reference frame of all generators are initially increasing or decreasing until a peak value is reached. Then, the rotor angle starts returning to its stable equilibrium point and it is said to be the first swing stable. On the other hand, a system is said to be the first swing unstable if the postfault angle is increasing or decreasing monotonically for at least one of the machines 20, 28 . In this case study, duration for the simulation time is within the range of t 0 until t f 1.5 seconds, and it is chosen as to analyze the stability of first swing generator rotor angle difference 20, 28 .
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ATC Results Using Ralston's Method Incorporating Cubic-Spline Interpolation Technique: Case Study of 2737-Bus Polish Power System
Prior to the ATC determination, the cubic-spline interpolation technique is used to trace the P-S or P-V curves between the two points of trajectory determined by the Ralston's method. The ATC is then determined by referring to the maximum power transfer that causes the limiting levels of MVA power flow or voltage magnitude intersects the P-S or P-V curves, respectively. Detailed information of generating unit is not available for the computation of ATC computation considering the generator rotor angle difference limit. In this case study, the load bus 2737 is chosen to describe the determination of ATC using the proposed method. The load bus 2737 is a sensitive bus that limits the MW transfer from area 2 to area 6. By referring to Figure 4 , the sensitivity method given in 3.1 linearly determines the amount of ATC, P 2737,V lower 1243 MW, that violates the lower limit of voltage magnitude. Linear approximation of power transfer considered in the sensitivity method usually gives inaccurate value of ATC especially for a large system. In the AC power flow solution, the amount of P 2737,V lower 1243 MW could be very large, which may cause instability to the system condition. Hence, accurate nonlinear estimation of ATC could be obtained by considering the quadratic form of P-V or P-S curves. In this case study, the sensitivity method is used to determine the sensitive bus or transmission line which is based on the minimum amount of power transfer as given in 3.5 . The sensitive bus or transmission line has the potential to cause the first violation of voltage magnitude or thermal limits due to the increase of power transfer, respectively. Hence, fast and accurate estimation of ATC could be determined by referring only to the sensitive bus or transmission line. In this case study, the sensitive load bus 2737 limits the power transfer between area 2 to area 6, and it is shown in Figure 4 . In Figure 4 , it is observed that the P look 524 MW does not exceed the power transfer at the second trajectory point of voltage magnitude. Hence, the system condition is stable when P look 524 MW is below the second trajectory point. The P look is not an optimum or accurate value of ATC, and it is determined by using 3.12 . However, the unstable system conditions may occur when power transfer exceeds the second trajectory point. Therefore, the P look value of 524 MW is used in the Ralston's method to accurately extrapolate at the two trajectory points for optimum or accurate estimation of ATC. Figure 4 shows four incremental steps n performed of power transfer by using the Ralston's method.
The cubic-spline interpolation technique is then used to fit the P-V curve between the two trajectory points at the sensitive bus 2737. The two trajectory points are at the power transfer of 462 MW and 720 MW. The power transfer at the two trajectory points is then used in the cubic-spline interpolation technique for P-V curve fitting. In Figure 5 , it is shown that the cubic-spline interpolation technique traces the P-V curve based on the four points of Tables 1 and 2 indicate that the ATC obtained is due to the overloaded line. For instance, by referring to Table 1 , the ATC is 914 MW for transfer case between areas 1 and 2, and it is obtained due to the overloaded line 713-449. The overloaded line that limits the increase of power transfer occurs for the transfer case between buses. For an example, by referring to Table 2 , the ATC is 140 MW for the transfer case between buses 98 and 2636, and it is obtained due to the overloaded line 2507-2513. Simulations that have been carried out on the test system indicate that the ATCs are determined not due to the violation of voltage limit.
The recursive AC power flow method is a basic approach to determine accurate value of ATC. This means that the proposed method is able to compute accurate value of ATC since it is similar to the result determined by the recursive AC power flow method, and it is shown in Tables 1 and 2 . Both methods are able to calculate accurate value of ATC since they considers nonlinear condition of reactive power flows and voltage magnitudes. The proposed method is better than the linear DC power flow method in terms of accuracy for the ATC computation. In terms of computational time, it is noted that the proposed method computes a much faster ATC value as compared to the recursive AC power flow method. This is due to the fact that the proposed method does not perform many recursive load flow solutions in the ATC determination. Finally, the results have shown that the proposed method is able to provide accurate value of ATC with less computational time. Tables 3 and 4 present the result of area-to-area ATCs and point-to-point ATCs for a test system of 39-New England buses, respectively. The ATCs are determined by considering the systems constraints of transmission line limit, voltage stability limit, and generator rotor angle difference limit. Whereby, the rotor angle difference limit is referred to as the transient stability limit. In this case study, it is assumed that a single N-1 contingency type of threephase fault happened at bus 10. A three-phase fault yields the most severe fault current compared to the other types of unsymmetrical fault. The computation of ATCs due to transient stability limit is performed by considering the tripping of line 10-13 for clearing the fault. The fault critical clearing time of t 0.15 second, is specified for the tripping at line 10-13. The selection of fault critical clearing time, t 0.15 second has been explained elaborately in Section 4.2. The transient response of generator rotor angles is monitored for 1.5 seconds in the case study of ATC that takes into account the transient stability limit. Since, the tripping of line 10-13 is taken into account in the determination of ATC considering the transient stability limit the tripping of line 10-13 is considered as a single N-1 contingency of three phase fault. On the other side, a double N-2 contingency may sometimes occur, which would be critical to the system operating conditions especially during the power transfer. Indeed, this is an intriguing issue that needs be considered for further analysis on the impact of N-2 contingencies on the transfer capability assessment-based transient stability limit. In the transient stability analysis, a small time step size of 0.03 second is used in the time-domain of rotor angle. The small time step size is used to discard the higher-order terms of Taylor series expansion used in the Euler's method. Therefore, the error of rotor angle approximation is decreased for every successive point of time domain 17 .
In Table 3 , the minimum interarea ATC of 64 MW is obtained for the transfer case from area 1 to area 2 and the transfer case from area 2 to area 3 yields a maximum interarea ATC value of 350 MW. On the other hand, by referring to Table 4 , the minimum point-to-point ATC of 41 MW is obtained for the power transfer from bus 32 to bus 24. The power transfer case from bus 34 to bus 26 yields a maximum point-to-point ATC value of 353 MW. For both cases of power transfer, the ATCs are obtained based on the violation of transmission line limit. It is obvious that the proposed method provides relatively similar results of ATC compared to the recursive AC power flow method. In terms of computational time, it is obvious that the proposed technique gives a fast ATC calculation compared to the recursive AC power flow method. This is because the Ralston's method incorporated with the cubic-spline interpolation technique executes fewer numbers of power flow solution in the ATC determination in comparison to the recursive AC power flow method. Table 5 presents the performance of area-to-area ATC computation based on several numbers of steps, n, applied in the proposed method. The same case study as discussed in Section 4.5 is used in this analysis. Basically, the power transfer step size, h, is specified depending on the number of steps, n, applied in 2.6d . The performance of the proposed technique is evaluated based on four difference numbers of steps, n. In addition, the percentage of relative error in applying the proposed method to determine the ATC is also computed for every transaction in the case study. By comparing the ATC values obtained in Tables 3 and 5 , the interarea Number of steps, n Number of steps, n Number of steps, n Selling area Buying area n 3 n 4 n 6 n 20 n 3 n 4 n 6 n 20 n 3 n 4 n 6 n 20 transactions computed by using the proposed technique with n 3 gives the range of relative error percentage within 0.36% to 3.85%. Most of these transactions are 2 MW higher than the ATC values obtained by using the recursive AC power flow solution. This is referring to the case study of interarea power transfer from selling area 1 to buying area 2, selling area 2 to buying area 1, and selling area 3 to buying area 1. The highest percentage of relative error of 3.85% is obtained from selling area 1 to buying area 3. Furthermore, the performance of the proposed method in ATC computation is evaluated based on n 4 and n 6 incremental steps of power transfer. It is observed that the proposed method with n 4 and n 6 gives relatively similar results as compared to the ATCs obtained by using the recursive AC power flow solution as shown in Table 3 . This indicates that it is important to use n 4 and n 6 in the Ralston's method for accurate extrapolation at the two trajectory points. Therefore, it will give relatively accurate value of ATC compared to the result determined by the Ralston's method with n 3. Besides that, the Ralston's method with the number of steps specified at n 4 and n 6 also gives less percentage of relative error at 1.28% and 0.29% from the selling area 1 to buying area 3 and selling area 2 to buying area 3, respectively. In Table 5 , it is observed that the proposed method with n 20 gives similar results compared to the ATCs obtained by using the recursive AC power flow solution as shown in Table 3 . This is due to the fact that as the number of steps, n, is increased, the power transfer step size, h, will become narrow. This may assist towards a better result of curve fitting performed by the cubic-spline interpolation technique. Thus, accurate estimation of ATC result can be obtained.
Performance Comparison of Ralston's Method Incorporating with Cubic-Spline Interpolation Technique at Various Numbers of Steps in Power Transfer: Case Study of 39-New England Bus System
In terms of computational time, the Ralston's method with, n 3, n 4 and n 6 is utilizing the same computational time of 1.8 seconds in determining the ATC. However, it is much faster than the Ralston's method with n 20 that takes 0.05 minutes in determining the value of ATC. It is obvious that n 4 and n 6 improves the performance of Ralston's method which gives similar results of ATC with less computational time. By referring to the above-mentioned detail explanations, the proposed method with n 4 is used in the other power transfer case study for a fast and accurate estimation of ATC.
Determination of ATC due to the Transient Stability Limit
This section discusses the variations of maximum generator rotor angle difference that is used in 3.4 to determine the sensitive generator. The sensitivity method given in 3.4 is used to identify the generator that has the highest potential to be violated due to the increased amount of power transfer 21 . The sensitive generator is important for the proposed method that assists towards fast computation of ATC. This is because the increase of power transfer that varies the maximum amount of generator rotor angle difference is observed only at the sensitive generator.
In order to observe the variations of maximum generator rotor angle differences, therefore, the power transfer is increased at 3 stages, which are 1 MW, 150.5 MW, and 300 MW for the transfer case from area 2 to area 3 and it is shown in Figure 6 . It is observed that generator G5 gives rapid changes of maximum generator rotor angle difference due to the increase of power transfer from 1 MW to 300 MW. The maximum generator angle difference angle is 64.94
• , 71.45
• , and 78.5
• for the increase of power transfer of 1 MW, 150.5 MW and 300 MW, respectively. This shows that G5 is the sensitive generator. On the other hand, the increase of the power transfer does not cause rapid changes of maximum generator rotor angle difference at generator G3. The maximum rotor angle difference of generator G3 is recorded at 74.14 • , 73.93
• , and 73.72
• for 1 MW, 150.5 MW, and 300 MW of power transfer, respectively. Therefore, G3 is not a sensitive generator. Hence, a fast and accurate ATC computation could be obtained by considering the variations of maximum generator rotor angle difference only at the sensitive generator G5. The maximum generator rotor angle difference of G5 is then used in 3.12 to determine the look-ahead power transfer, P look , of 850.67 MW. The P look is then used in the Ralston's method to extrapolate the P-Δδ curve at two trajectory points and it is shown in Figure 7 . By referring to Figure 7 , the system is actually operating in a stable condition when P look 850.67 MW is less than the power transfer at the second trajectory point. Therefore, the P look that is used in the Ralston's method is able to accurately extrapolate at the two trajectory 24 Mathematical Problems in Engineering points for optimum or accurate estimation of ATC. In Figure 7 , the Ralston's method performs four incremental steps n of power transfer and it is reasonable enough to provide fast and accurate approximation of the two trajectory points. The two trajectory points are located at the power transfer of 850.67 MW and 1275.50 MW. It is believed that the actual value of ATC that causes the violation of generator rotor angle difference limit falls within these two points of trajectory and it can be observed in Figure 7 .
Then, the AC power flow solution is performed at four incremental steps of power transfer, which are 850.67 MW, 992.28 MW, 1133.89 MW and 1275.50 MW. The four power transfers are obtained by equal division between the range of ATC 850.67 MW and ATC 1275.50 MW located at the two trajectory points. Figure 8 shows the variations of maximum generator rotor angle difference for the increase of four power transfers. It is obvious that the sensitive generator is still referring to G5. This is due to the fact that the increase of power transfers from 850.67 MW to 1275.50 MW causing the rapid changes of maximum generator Finally, the increase of four power transfers and the four maximum rotor angle differences are used in the cubic-spline interpolation technique to fit the P-Δδ curve between the two trajectory points of the sensitive generator G5. In Figure 9 , it is shown that the cubicspline interpolation technique traces the P-Δδ curve based on the four points of power transfer and maximum generator rotor angle difference. A point is noted where the generator rotor angle difference limit of 180
• intersects the P-Δδ curve. This point yields an actual ATC value of 870 MW.
Results of Area-To-Area ATC due to Transient Stability Limit:
Case Study of 39-New England Bus System Table 5 represents the results of ATC obtained only by considering the violation of generator rotor angle difference limit. This is to prove that the proposed method is also robust in determining the ATC based on the violation of transient stability limit. Whereby, the rotor angle difference limit is referred to as the transient stability limit. In this case study, it is assumed that a three-phase fault happened at bus 10. Therefore, the computation of ATCsbased transient stability limit is performed by considering the tripping of line 10-13 for clearing the fault. The fault critical clearing time of t 0.15 second is specified for the tripping at line 10-13. The transient response of generator rotor angle difference is monitored for 1.5 seconds in the case study of ATC that takes into account the transient stability limit. The proposed method gives the ATC value of 448 MW for the interarea transfer from area 1 to area 2, and this is referring to the violation of the rotor angle difference limit of generator G3 which is located at bus 32. The proposed method accurately determines the ATC that is relatively similar to the ATC value of 449 MW determined by the recursive AC power flow method. This is similar to the other cases of interarea power transfer. By comparing the ATC values obtained in Tables 3 and 5 , it can be concluded that the ATCs are actually obtained due to the violation of transmission line limit. It also shows that the violation of generator rotor angle difference limit gives higher value of ATC in comparison to the violation of transmission line limit. However, in a real system operating condition, the first violation may occur at the transmission line limit that yields the amount of power transfer. On the other hand, it is noted that the proposed method performs a fast ATC computation as compared to the recursive AC power flow method. The results have shown that the proposed method is able to provide fast and accurate value of ATC although it refers to the limit of transient stability. The results of point-to-point ATC are not shown in this section. This is because any further increase of power transfer between buses does not violate the limit of generator rotor angle difference. This is due to the fact that any increase of power transfer from a particular generator does not adversely affect the synchronism of generating system. 
Conclusion
This paper presents a new approach that is used to evaluate the area-to-area and point-topoint ATCs. The proposed method is based on the Ralston method incorporating with cubicspline interpolation technique. The Ralston's method is used to determine the two trajectory points of voltage magnitude, power flow, and maximum generator rotor angle difference. Then, the cubic-spline interpolation technique is used to trace the P-V, P-S, or P-Δδ curves between the two trajectory points. The curve fitting procedure is performed to reduce the time in ATC computation. By referring to the P-V, P-S, or P-Δδ curves between the two trajectory points, the ATC is determined at the intersecting point of voltage, MVA power flow or generator rotor angle difference limits. The effectiveness of the proposed method in determining the ATC is verified on a case study of 2737-bus Polish and 39-New England bus power systems. It is proven that the Ralston's method incorporating with cubic-spline interpolation technique is a fast and accurate method for ATC evaluation as compared to the ATC method using recursive AC power flow method. The proposed method is an effective way to speed up the ATC computation. The proposed method is useful for the utilities in a deregulated electricity market in which the ATCs are required to be posted in a real-time market signal so that all transmission users have the same chance to access transmission information.
